Abstract-Results from clinical studies suggest that more than half of the 166 million dental restorations that were placed in the United States in 2005 were replacements for failed restorations. This emphasis on replacement therapy is expected to grow as dentists use composite as opposed to dental amalgam to restore moderate to large posterior lesions. Composite restorations have higher failure rates, more recurrent caries, and increased frequency of replacement as compared to amalgam. Penetration of bacterial enzymes, oral fluids, and bacteria into the crevices between the tooth and composite undermines the restoration and leads to recurrent decay and premature failure. Under in vivo conditions the bond formed at the adhesive/dentin interface can be the first defense against these noxious, damaging substances. The intent of this article is to review structural aspects of the clinical substrate that impact bond formation at the adhesive/dentin interface; to examine physico-chemical factors that affect the integrity and durability of the adhesive/ dentin interfacial bond; and to explore how these factors act synergistically with mechanical forces to undermine the composite restoration. The article will examine the various avenues that have been pursued to address these problems and it will explore how alterations in material chemistry could address the detrimental impact of physico-chemical stresses on the bond formed at the adhesive/dentin interface.
This review article is focused on the adhesive/dentin interface and the role of this interface in the clinical performance of posterior composite restorations. The chemical composition of dentin adhesives has been reviewed recently, 125 but there has been less attention devoted to a review of the structural and physicochemical factors that impact bond integrity and durability at the adhesive/dentin interface.
CLINICAL PERFORMANCE: COMPOSITE VS. DENTAL AMALGAM RESTORATIONS
In 2005, 166 million dental restorations were placed in the United States 2 and clinical studies suggest that more than half were replacements for failed restorations. 74 Replacement of failed restorations accounts for nearly 70% of all restorative dentistry 74 and the emphasis on replacement therapy is expected to increase as concern about mercury release from dental amalgam forces dentists to select alternative materials. Resin composite is the most commonly used alternative, 99 but moderate to large composite restorations have higher failure rates, more recurrent caries and increased frequency of replacement as compared to amalgam. 3, 11, 63, 72, 74, 99, 102 For example, after 8 years the failure rate for posterior composite restorations was at least 50% greater than the high copper amalgam restorations. 9 At 5 years, the need for additional treatment was 50% greater in children receiving composite restorations as compared to children treated with dental amalgam. 11 Based on the review of dental records from 3,071 subjects, Simecek and colleagues reported in 2009 a significantly higher risk of replacement for posterior composite restorations as compared to amalgam. 4 In a study of amalgam and composite restorations placed by 243 Norwegian dentists, the mean age of failed amalgam was~11 years while the mean age for failed composite was statistically significantly lower at 6 years. 72 Indeed, after nearly four decades of research the clinical lifetime of large to moderate posterior composite restorations continues to be approximately one-half that of dental amalgam. 127 The reduced clinical lifetime of moderate to large class II composite restorations can be very detrimental for our patients because removal of these restorations leads to loss of sound tooth structure. The removal of composite restorations produced significantly greater increases in cavity volume in comparison to the removal of amalgam. 44 The increase in cavity volume and increased frequency of replacement means that significantly greater amounts of sound tooth structure will be lost with treatment and re-treatment of class II composite restorations. 44 Over the lifetime of the patient, the additional loss of tooth structure will translate to the need for more complex restorations and eventually total tooth loss. The reduced longevity, increased frequency of replacement and the need for a more complex restoration means increased costs to the patient in terms of both time and money. 124 (For clarification: class I restorations involve the biting surface only; class II restorations involve the biting surface plus one or both of the proximal surfaces.)
The primary factor in the premature failure of moderate to large composite restorations is secondary decay at the margins of the restorations. 72 For example, in a study of radiographs from 459 adults, age 18-19 years, the investigators reported that among 650 interproximal restorations the failure rate as a result of secondary or recurrent decay was 43% for composite as compared to 8% for amalgam. 63 In a separate study of amalgam and composite restorations placed in 8-to 12-year-old children, the primary reason for failure of both materials was secondary decay, but secondary decay was 3.5 times higher in composite restorations. 3 In moderate to large class II composite restorations, secondary decay is most often localized gingivally ( Fig. 1) and is linked to failure of the bond between the tooth and composite and increased levels of the cariogenic bacteria, Streptococcus mutans, at the perimeter of these materials. 35, 61, 98 The composite is too viscous to bond directly to the tooth surface. To overcome this limitation, a low viscosity adhesive is used between the tooth and composite. Acid-etching provides effective mechanical bonding at the interface between enamel and adhesive, but bonding to dentin has been fraught with problems.
Clinicians frequently find very little enamel available for bonding at the gingival margin of class II composite restorations and thus, the bond at the gingival margin depends on the integrity of the seal formed with dentin. Under clinical conditions one can frequently detect a separation between the composite material and the tooth surface at the gingival margin. 94 These marginal gaps have been related to very technique sensitive and unreliable dentin bonding. 55, 94 A failed adhesive/dentin (a/d) bond means that there is a crevice that allows bacterial enzymes, oral fluids, and even bacteria to infiltrate the spaces between the tooth and composite. Penetration of these agents into crevices between the tooth and composite undermines the restoration and leads to recurrent decay, hypersensitivity and pulpal inflammation. 1, 5, 39, 74, 126 Clinical studies report poor marginal adaptation, marginal discoloration, and loss of retention of the composite restoration when the a/d interface is exposed to the oral cavity. 6 Breakdown of the seal at the adhesive/dentin interface challenges the long-term viability of posterior composite restorations. 1, 94, 126 At the vulnerable gingival margin, the adhesive may be the primary barrier between the prepared tooth and the surrounding environment.
CHARACTERISTICS OF THE HEALTHY DENTIN BONDING SUBSTRATE
Dentin is the hydrated composite structure that constitutes the body of each tooth, providing both a protective covering for the pulp and serving as a support for the overlying enamel. It is composed of approximately 50% inorganic material, 30% organic material, and 20% water by volume. 121 Dentin mineral is a carbonate rich, calcium deficient apatite. 60, 68 The organic component is predominantly type I collagen with minor contribution from other proteins that can be categorized as phosphoproteins, glycoproteins, and carboxyglutamate-containing proteins. 8 The composition of dentinal fluid is reportedly similar to plasma. 68 A unique feature of the dentin structure is the tubules that traverse the structure from the pulp cavity to the region just below the dentin-enamel junction (DEJ) or the dentin-cementum junction. The tubules, which could be modeled as narrow tunnels a few microns or less in diameter, represent the tracks taken by the odontoblastic cells from the pulp chamber to the respective junctions. Dentinal tubule diameter measures approximately 2.5 lm near the pulp and 0.9 lm near the DEJ. 120 Tubule density and orientation vary from location-to-location; density is lowest at the DEJ and highest at the predentin surface at the junction to the pulp chamber. As an example, in young premolar and molar teeth the number of tubules ranges from 50,000 to 75,000 per square millimeter at the pulpal surface to approximately half as many per square millimeter in the proximity of the DEJ. 121 The content of the tubules include fluid and odontoblast processes for all or part of their course. In contrast to root dentin, the tubules in coronal dentin are surrounded by a collar of highly mineralized peritubular dentin. 129 The composition of the peritubular dentin is carbonate apatite with very small amounts of organic matrix whereas intertubular dentin, i.e., the dentin separating the tubules, is type I collagen matrix reinforced with apatite. Thus, the composition of intertubular dentin is primarily mineralized collagen fibrils; the fibrils are described as a composite of a collagen framework and thin plate-shaped carbonate apatite crystals whose c-axes are aligned with the collagen fibril axis. 143 In healthy dentin, the majority of the mineralized collagen fibrils are perpendicular to the tubules. 54 It is important to recognize that the composition of dentin is not static. It is influenced by the relative position of the dentin within the tooth, the age of the dentin, and the presence and/or absence of disease. 68 Understanding the structure of dentin that is affected by age, disease, or trauma is fundamental to the development of improved dentin adhesives, but efforts in this area have been fraught with problems. 108 
DENTIN SMEAR LAYER
Another feature of the dentin surface that is a confounding variable in the development of a durable bond at the adhesive/dentin interface is the smear layer. Tooth surfaces that have been prepared with cutting or abrading instruments are characteristically covered with a 0.5-2 lm thick smear layer. The generation of frictional heat and plastic/elastic deformation during cutting and abrading are all factors in the formation of the smear layer. Smear layers formed on dentin cover the normal structural components, i.e., the intertubular dentin and penetrate several micrometers into the tubules to form smear plugs. Using scanning electron microscopy, Eick 14 directly observed the tooth surface after cutting and reported that the dentin smear layer could be described as a disturbed film of organic and hydroxyapatite particles, generally less than 2 lm thick. Although it has been generally accepted that the composition of the dentin smear layer is a mixture of partly denatured collagen and mineral, 14, 17, 84 definitive compositional, structural, and chemical reactivity data were not published until the last decade. 109, 130 Acids with a high reactivity rate with the mineral component of dentin have been considered a good reagent for removing the smear layer. These evaluations were based largely on scanning electron micrographs of acid-etched dentin, which portrayed a smooth dentin surface, fee of solid deposits, and open tubules. With few exceptions, these studies largely disregarded the collagen remnants of the smear or overlooked the inability of acid to act as a solvent for collagen. 84, 85 This oversight may be attributed in part to the microscopic nature of the smear layer and lack of resolution of many of the techniques used to study dentin demineralization. 84 The conclusions that acid removed the smear layer are based primarily on morphologic evidence of open dentin tubules, but these observations largely reflect the effect of acid-etching on smear plugs overlying the tubules.
Raman microspectroscopic characterization of the smear layer covering the intertubular dentin provides clear evidence that the collagen of the smear layer is not removed by acid-etching. 109, 130 The spectral results indicate that the disorganized collagen within the smear layer is denatured by a 15 s exposure to 35% phosphoric acid. Residual mineral is trapped in the denatured, gelatinized collagen. Ultimately, this gelatinous layer could inhibit the formation of an impervious seal at the adhesive/dentin interface; it could be one factor contributing to the weak link in the coupling of adhesive to dentin.
'IDEAL' HYBRID LAYER
The two fundamental processes involved in bonding an adhesive to dentin are: removal of the mineral phase from the dentin substrate without altering the collagen matrix and filling the voids left by the mineral with adhesive resin that undergoes complete in situ polymerization, i.e., the formation of a resin-reinforced or hybrid layer. The ideal hybrid layer would be characterized as a 3-dimensional polymer/collagen network that provides both a continuous and stable link between the bulk adhesive and dentin substrate. There is substantial evidence to suggest that this ideal objective is not achieved. 7, 38, 41, 97, 104, 106, 110, 131, 134, 136, 137, 140 Instead of serving as a stable connection between the bulk adhesive and subjacent intact dentin, the hybrid layer has been called the weakest link in the a/d bond. 97, 101 DENTIN BONDING AND THE HYBRID LAYER Based on numerous morphologic investigations and bond strength studies, 15, 31, 40, 90, 112 it is generally accepted that the primary factors critical in determining an adequate a/d bond are: wetting of the dentin substrate by components of the adhesive system 15, 18 and micromechanical interlocking via resin penetration and entanglement of exposed collagen fibrils in the demineralized dentin. 37, 104, 134 Morphologic evidence of resin penetration of the exposed collagen fibrils was first reported by Nakabayashi 75 and he called the distinct zone between the bulk adhesive and the nondemineralized dentin the 'hybrid layer.' Current adhesive systems that acid etch the dentin characteristically bond via hybridization.
The hybrid layer is formed when an adhesive resin penetrates a demineralized or acid-etched dentin surface and infiltrates the exposed collagen fibrils. During acid etching, the mineral phase is extracted from a zone that measures between 1 and~10 lm of the dentin surface. 16, 132, 138 The composition of the exposed substrate differs radically from mineralized dentin. For example, mineralized dentin is 50% mineral, 30% collagen, and 20% water by volume, 69 whereas demineralized dentin is 30% collagen and 70% water. 15, 85 With removal of the mineral phase, the collagen fibers are suspended in water. If there is a substantial zone of demineralization and the water supporting the collagen network is removed either by air drying or the action of an air syringe the collagen will collapse. 30, 85 A collapsed collagen network reduces the porosity and inhibits resin penetration through the demineralized layer. 85 It forms a barrier between the demineralized layer and the underlying intact or unreacted dentin surface. 112, 144 A collapsed collagen network severely compromises the a/d bond. 15, 30, 112 WET BONDING
In the early 1990s, wet bonding was introduced to counteract the problems of collagen collapse. 27, 29, 32, 38, 48 Wet bonding means that the dentin is kept fully hydrated throughout the bonding procedure; the surface morphology of the demineralized layer does not change because the water supporting the collagen matrix is not removed. 53 Bond strength results 27, 29, 32, 38, 48 with ''wet'' bonding support these findings, that is, the higher bond strengths with this technique reflect the minimal collapse of ''wet'' vs. airdried dentin collagen. 85 It is speculated that moist dentin provides a more porous collagen network and that increased porosity means more space for adhesive infiltration. [27] [28] [29] 32, 85, 112 With wet bonding techniques, the channels between the demineralized dentin collagen fibrils are filled with water, solvent, conditioner, and/or oral fluids. 85 The only mechanism available for adhesive resin infiltration is diffusion of the resin into whatever fluid is in the spaces of the substrate and along the collagen fibrils. Ideally, the solvent in combination with hydrophilic monomers, (e.g., hydroxyethyl methacrylate (HEMA)) conditions the collagen to remain expanded during adhesive infiltration. However, HEMA, a primary component in many single bottle commercial dentin adhesives, can dramatically reduce the evaporation of water. 87 Hydrophobic monomers, such as 2,2-bis[4(2-hydroxy-3-methacryloyloxy-propyloxy)-phenyl] propane (BisGMA), would resist diffusing into these sites where there is residual water. 26, 105, 106, 110, 134 Under in vivo conditions, there is little control over the amount of water left on the tooth. As a result, it is possible to leave the dentin surface so wet that the adhesive undergoes physical separation into hydrophobic and hydrophilic-rich phases. 105 Results from our laboratory indicated that excess moisture prohibited the formation of an impervious, structurally integrated a/d bond at the gingival margin of Class II composite restorations. 106, 135 Clinicians must routinely attempt to bond to naturally wet substrates such as caries-affected dentin 46 or deep dentin. 67, 91, 95, 133 The water content of caries-affected dentin has been reported to be 2.7 times greater than that of normal dentin. 46 In deep dentin, 22% of the surface area is exposed tubules while exposed tubules account for 1% of the surface area of dentin close to the DEJ. 83 The large increase in surface area attributable to tubules means that in deep dentin, pulpal fluid will contribute additional moisture to that already present within the demineralized dentin matrix. Since our current adhesives are very sensitive to excess moisture, bonding to these clinically relevant substrates is a formidable challenge. 108, 135, 139, 141 
EXTRINSIC AND INTRINSIC WATER ABSORPTION
Absorption of extrinsic water leads to plasticization of the adhesive and loss of interfacial a/d bond strength as a result of water attack. One example of the effect of water absorption on chemically cured poly-HEMA specimens is the dramatic decrease in physical properties after 24 h aqueous storage; the tensile properties were reduced to an almost gum-like quality. 88 The mean values for tensile strength of dry and wet poly-HEMA specimens were~18 and 1 MPa, respectively. This reduction was attributed to water sorption after polymerization and/or extraction of water-soluble unreacted monomers or oligomers. As a result of water uptake into the poly-HEMA specimens, the percent elongation increased from~20% to 220%. The authors suggested that since there is no crosslinking in the poly-HEMA, the water allowed the linear chains to slide over one another thus, resulting in a 10-fold increase in percent elongation. Intrinsic water at concentrations >5 vol.% inhibited the light polymerization of HEMA, even with a 10-fold increase in the initiators camphoroquinone (CQ)/dimethylaminoethyl methacrylate (DMAEMA).
A study from our laboratory showed that at water concentrations ‡25 vol.%, BisGMA-based adhesive/ water solutions mimicked oil and water mixtures in that they separated into distinct phases immediately following sonication. 105 At 25 vol.% water the adhesive separates into particles made up primarily of BisGMA, the composition of the surrounding matrix material is primarily HEMA that exhibited limited monomer/polymer conversion. The limited conversion of the HEMA-rich phase suggests that either the photoinitator is localized to the hydrophobic phase or it is incompatible with the hydrophilic HEMA. 142, 145, 148 The results from this investigation highlight the need for characterization of reactant mixtures prepared with and without water when these mixtures are proposed for applications in the wet, oral environment.
Related studies from our laboratory have shown spectral evidence of phase separation in a commercial total-etch BisGMA/HEMA adhesive bonded to wet, demineralized dentin matrices. 103, 134, 138 Ethanol is the solvent in this commercial adhesive. The primary function of the solvent is to displace the water from the wet, demineralized dentin matrix, but the spectroscopic results indicate that there is enough water present to promote detrimental adhesive phase separation. In this study, the majority of the intertubular a/d interface was characterized by collagen fibrils from the demineralized dentin matrix with limited spectral contribution from the critical dimethacrylate component (BisGMA). Thus, the demineralized dentin matrix is primarily infiltrated by HEMA. HEMA has a low crosslink density and thus, it will tend to absorb extraneous water, leading to plasticization and breakdown of the adhesive. In this study, the HEMA exhibited limited monomer/polymer conversion and it is expected that the unreacted components would be released in the mouth. 20 The sensitivity of our current adhesives to excess moisture is also reflected in the water-blisters that form in adhesives placed on over-wet surfaces. [113] [114] [115] The optimum amount of wetness varies as a function of the adhesive system. 119 Additionally, it is impossible to simultaneously achieve uniform wetness on all of the walls of the cavity preparation. 118 Wet bonding is, in short, a very technique-sensitive procedure and optimum bonding with our current commercial adhesives occurs over a very narrow range of conditions, e.g., water content. 95 One suggested approach to these problems is ''ethanol-wet bonding. '' 6,77 One problem with this method is that in the clinical setting this solvent may be diluted because of repeated exposure of the material to the atmosphere or concentrated because of separation of the bonding liquids into layers within the bottle. Results from our lab have shown an inverse relationship between mechanical and thermal properties and the concentration of ethanol that is present during photo-polymerization of model BisGMA-based adhesives. 148 In addition, the hybridization process is very sensitive to the ethanol content in the adhesive system. 141 Although the effect of ''ethanol-wet bonding'' on durability is not known, results from our lab suggest that this approach will not overcome the clinical challenges associated with forming a durable bond at the adhesive/dentin interface.
SELF-ETCH ADHESIVES
Current strategies to promote bonding of the resinous materials to intrinsically wet substrates also include the incorporation of ionic and hydrophilic monomers into the adhesive. 42 These adhesives etch and prime simultaneously, thus addressing the problems of collagen collapse and simplifying the bonding protocol. The original systems were two-step, self-etching systems, but in an effort to increase the efficiency of the procedure and reduce technique sensitivity, the manufacturers developed all-in-one singlestep adhesives. The increased concentration of acidic resin monomers provided a system that etched the dentin and enamel simultaneously.
Prompt L-Pop (3 M ESPE) was a system that represented this new generation of dentin adhesives. 89 Acidic monomers in Prompt L-Popo consisted of methacrylated phosphoric acid mono-and diesters 117 in which the phosphoric acid and methacrylate group were combined into one molecule. Initial results showed a system that effectively etched the dentin surface to create a uniform hybrid layer and long resin tags. 131 However, these self-etching adhesive/dentin interface specimens quickly lost structural integrity during aqueous aging. Results from micro-Raman spectroscopic investigations suggested that water within the dentin tubules inhibited the polymerization of the acidic monomers. The poorly polymerized oligomers and unpolymerized acidic monomers continued to etch the surrounding dentin. 131 The hydrophilic nature of components within the self-etch adhesive systems enhances water sorption and hydrolytic breakdown in the mouth. 24, 42, 78, 118, 150 With these systems, the bonded interface lacks a nonsolvated hydrophobic resin coating and thus, the resultant hybrid layers behave as semi-permeable membranes permitting water movement throughout the bonded interface even after adhesive polymerization. 6 The higher concentration of hydrophilic monomers in these systems is associated with decreased structural integrity at the a/d interface. 6, 92 In vivo aging studies have reported degradation of the a/d bond at 1-year even when the bonded dentin was protected by enamel from direct exposure to the oral environment. 12 These results suggest that hydrophilicity and hydrolytic stability of resin monomers are generally antagonistic. 118 
DENTIN BONDING AT THE GINGIVAL MARGIN
In vitro studies have indicated that the gingival margin in class II composite restorations is the most common location of bonding failures. 20 Purk and colleagues 93 compared the microtensile dentin bond strength of gingival and proximal cavity walls of class II restorations. Their results showed that the dentin adhesive bond of resin-based composite to gingival walls was significantly weaker, and thus, at increased risk of failure compared to the bond to proximal walls.
Distinct differences in the depth of dentin demineralization and degree of adhesive penetration at the proximal and gingival margins of class II composite restorations have been reported. 135 The spectroscopic results indicated a twofold difference in the depth of dentin demineralization at the gingival and proximal margins. The differences in demineralization depth may be due to the fact that dentin at the gingival margin is less mineralized than dentin at the proximal walls. For example, the mineral/matrix ratio in dentin at the proximal margin was more than twice the ratio at the gingival margin. Thus, acids are expected to etch dentin at the gingival margin faster and deeper than dentin at the proximal wall. In addition, the density and size of tubules at the gingival margin is greater than that at the proximal wall 25 ; hence, acid etching is faster in dentin at the gingival margin.
There was also a distinct difference in adhesive infiltration with considerably less adhesive penetration at the gingival margin as compared to the proximal wall. 135 It was suggested previously that resin could infiltrate dentin at the gingival margin more efficiently because of the increased number of tubules per unit area at the gingival margin. 152 The authors suggested that the increased number of tubules/area would allow lateral diffusion of resin as well as vertical diffusion into the demineralized intertubular dentin. However, the water content is higher in dentin at the gingival margin, making it a difficult bonding substrate. This is not only because of the water already present within the demineralized dentin matrix, but also because patent tubules contribute to the contamination of the prepared surface with a great amount of dentinal fluid. 82 The cumulative effect of the increased water led to reduced adhesive infiltration and lower monomer/ polymer conversion of the adhesive at the gingival margin as compared to the proximal wall. 135 Spectral results from the gingival margin of these Class II composite restorations indicated hydrolytic degradation of the adhesive and deterioration of the unprotected collagen after 3-months aqueous storage. 106 
BONDING TO ALTERED DENTIN
Much of our understanding of dentin bonding has been based on results from in vitro bond strength studies performed on sound, flat polished normal, healthy dentin. Although the results are of great value when comparing commercial bonding systems, sound healthy dentin is not the substrate most frequently encountered in clinical situations. Instead, clinicians usually must attempt to bond adhesives to cariesaffected (c-a) dentin or abraded-sclerotic dentin.
Results from both morphologic and bond strength studies suggest that the characteristics of the substrate directly impact the bond formed at the adhesive/dentin interface. 34, 36, 76 Using the same material on both healthy and affected (caries-affected or sclerotic) dentin previous authors have reported nearly a 30-40% drop in bond strength with both affected dentin substrates. 153, 154 The hybrid layers formed on c-a dentin were thicker than those formed on healthy dentin. Presumably, the thicker hybrid layer may be due to the fact that c-a dentin is already partially demineralized and offers a more porous substrate for acid etching than healthy dentin.
FTIR microspectroscopy has been used to determine the relative composition, degree of cure, and inhomogeneities across the length and breadth of the adhesive/c-a dentin interface. 108 Differences in mineral/ matrix ratio, crystallinity, and collagen organization were noted in the comparison of healthy and c-a dentin. For example, features associated with the organic component showed a dramatic loss of structure and intensity in the spectra recorded from the c-a dentin. These results indicate disorganized and denatured collagen. There was also a dramatic reduction in monomer/polymer conversion when the adhesive was used on c-a dentin. 108, 141 In a separate but complementary study, morphologic investigation of adhesive bonding to c-a dentin from primary molars was noted to be sporadic and very irregular (Figs. 2 and 3) . 4 It is postulated that the lack of adhesive penetration in the caries-affected dentin is due to a phase transition in the collagen that has been disordered by caries. 108 For example, the initial step in application of the adhesive used in this investigation is acid-etching. Acid-etching increases the porosity of the dentin by removing the mineral component to expose the collagen fibril network. Since caries-affected dentin may be characterized by zones of disorganized collagen, acid-etching could promote phase transition of this disorganized collagen to a gel. The gel could inhibit adhesive infiltration.
Adhesive infiltration of the wet, demineralized cariesaffected dentin could also be impacted negatively by adhesive phase separation. 107, 131, 134 As a result of phase separation, the majority of the intertubular a/d interface would be characterized by collagen fibrils with limited infiltration of the critical dimethacrylate component (BisGMA). The dimethacrylate BisGMA is the formulation component which contributes most to the crosslinked polymeric adhesive; the monomethacrylate (HEMA) cannot crosslink with itself and can only become part of a crosslinked system by copolymerizing with the BisGMA. Adhesive phase separation in combination with a (collagen) polymer-to-gel transition in the caries-affected dentin would translate to limited adhesive infiltration and poor bonding at the interface with this clinically relevant substrate.
These results, which describe distinct differences between bonding characteristics to healthy and cariesaffected dentin, highlight the need for investigations on clinically relevant substrates as part of our efforts to develop adhesives that provide durable function under clinical conditions. 66 Our understanding of adhesive bonding to clinically relevant substrates such as cariesaffected and sclerotic dentin is very limited. The factors and mechanisms involved in the very low bond strengths to caries-affected dentin remain unclear.
DEGRADATION OF THE HYBRID LAYER
It has been hypothesized that the in vivo degradation of the hybrid layer follows a cascade of events that begins when the dentin is acid-etched. 96 Disruption of the tooth structure by drilling stimulates proteolytic enzymes such as matrix metalloproteinases (MMPs), which can degrade the exposed collagen component of the hybrid layer. 86 This type of degradation is expected to be most important acutely in the period following adhesive application. The process proceeds with hydrolysis and consequent extraction of the adhesive resins that have infiltrated the demineralized dentin matrix. 106, 134 The extraction is facilitated by the ingress FIGURE 2. Light micrograph of adhesive/caries-free dentin interface stained with Goldner's trichrome. As noted here and reported previously 104, 107, 134 collagen that is not encased in adhesive is stained a distinct red, mineralized dentin stains green and the adhesive is a pale beige or clear. The distinct red zone at the adhesive/dentin interface indicated that the adhesive did not penetrate the full depth of the demineralized layer, i.e., it did not encapsulate the collagen fibrils throughout the width of the demineralized dentin. of water into the loosely cross-linked or hydrophilic domains of the adhesive. The hydrophilic domain exhibits limited monomer/polymer conversion because of adhesive phase separation 105 and lack of compatibility between the photoinitiator and hydrophilic phase. 142 The poorly polymerized hydrophilic phase degrades rapidly in the aqueous environment. Resin elution continues to occur through the nanoleakage channels 146, 147, 149 ; water movement along the length and breadth of the hybrid layer becomes more rapid as transport pathways form relatively large water-filled channels. 6, 116, 119 The previously resin-infiltrated collagen matrix is exposed and vulnerable to attack by proteolytic enzymes.
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DEGRADATION OF METHACRYLATE ADHESIVES
The structure of methacrylate adhesives suggests a general mechanism for their chemical and enzymatic degradation in oral fluids. On prolonged exposure of the restoration to oral fluids, water begins to penetrate the resin. As described above, water initially enters the matrix by diffusion into loosely cross-linked or hydrophilic domains or may be trapped within the matrix during photopolymerization in the moist environment of the mouth. 45, 151 Portions of the matrix may also be directly exposed to oral fluids, particularly at the gingival margin of Class II and V composite restorations. The presence of water promotes the chemical hydrolysis of ester bonds in methacrylate materials. This reaction is expected to be relatively slow at the neutral pH typical of saliva, but excursions in pH caused by foods or cariogenic bacteria may lead to transient acid or base catalysis. The carboxylate and alcohol degradation products of ester hydrolysis are more hydrophilic than the parent ester, further enhancing the local ingress of water. In addition, the carboxylate groups are anionic at normal salivary pH causing a degree of matrix swelling and strain due to charge repulsion. Over years of exposure to salivary fluids, local domains of the methacrylate network may become sufficiently degraded and/or hydrophilic to permit access by esterases, which greatly accelerate ester bond hydrolysis. Mechanical wear of the adhesive that may be exposed at the margins of the restorations may further accelerate matrix degradation by abrading the surface, increasing the surface area and allowing greater ingress of both water and enzymes.
Human saliva contains a variety of enzymes which may participate in the degradation of the adhesive as well as the composite. 12, 43, 58, 59, 64, 78, 128 The susceptibility of acrylate dental materials to degradation by esterases is well established. [21] [22] [23] 59, 73, 155 The esterasecatalyzed degradation of monomethacrylates, dimethacrylates, and commercial dental resins has been documented in solution, [21] [22] [23] 155 in saliva samples, 23, 33, 73 and in vivo. 12 In vitro studies have typically used one or more of the following esterases: cholesterol esterase (CE; EC 3.1.1.13) 21, 23, 155 acetylcholinesterase (ACHE; EC 3.1.1.7) 21, 155 and pseudocholinesterase (PCE, aka butyrylcholinesterase; EC 3. 1.1.8) . 21, 23, 155 Human saliva samples have been shown to contain CE and PCE activity in sufficient quantity to degrade composite resins. 23, 47 In vitro degradation of dimethacrylates (BisGMA, TEGDMA) in the presence of PCE and CE was reduced by a specific esterase inhibitor, phenylmethylsulfonyl fluoride, 23 supporting an esterasecatalyzed mechanism of degradation. Esterases in solution and in saliva catalyze the hydrolysis of both soluble methacrylate monomers and polymer particulates, 73, 155 suggesting that solid dental restorations are directly susceptible to esterase attack. Monomers and polymers of the monomethacrylates (e.g., HEMA) have been shown to be more resistant to esterase digestion (by ACHE, CHE) than the dimethacrylates. 155 CE and PCE have been shown to act synergistically in degrading dimethacrylates (BisGMA, TEGDMA) in vitro. 21 A modified dimethacrylate containing urethane segments (urethane-modified BisGMA) showed up to an 86-fold reduction in CE-catalyzed degradation relative to the unmodified control (BisGMA). 22 This enhanced esterase resistance was attributed to the chemistry of the modified dimethacrylate, particularly the greater hydrophobicity and hydrogen-bonding capability of the urethane segments. 22 Dimethacrylates containing aromatic functional groups or branched methacrylate linkages have also shown greater esterase resistance. 155 Although many factors may contribute to the breakdown of methacrylate adhesives, their chemical ''Achilles heel'' may be the ester linkages. Indeed, the breaking of covalent bonds within the polymer by addition of water to ester bonds is considered one of the main reasons for resin degradation within the hybrid layer.
118,119 When exposed to oral fluids, the ester bonds within the methacrylate matrix are vulnerable to two forms of hydrolytic attack: (i) chemical hydrolysis catalyzed by acids or bases, and (ii) enzymatic hydrolysis catalyzed by salivary enzymes, particularly esterases. Both require the presence of water in close association with the bond that will be hydrolyzed. Resin degradation is also directly related to water sorption and high water sorption has been reported for hydrophilic resin systems. 45, 65 These relationships highlight the challenges associated with the development of an adhesive that is resistant to hydrolytic attack, but also miscible with wet demineralized dentin matrices and compatible with our current dental composites.
MICROMECHANICS OF ADHESIVE/DENTIN INTERFACE USING FINITE ELEMENT ANALYSIS
Under function, dentin adhesives are subjected to both chemical and mechanical stresses and the interplay between these stresses can result in an alteration of the adhesive mechanical properties with time. The mechanical property change results from a variety of mechanisms including (i) proliferation of surface and subsurface flaws and (ii) change in the chemical nature of the polymer in the form of either strain hardening, embrittlement, crystallization, or plasticization. The change in adhesive properties has a significant affect upon the mechanical performance and durability of the a/d interface which is a complex construct of different material phases at the micro-scales. Based upon microscale structure-property measurements, our group has developed an idealized microstructural representation of the a/d interface 70, 71 that can be utilized to perform micromechanical finite element (lFE) analyses.
Mechanical loads under function are characterized by low amplitude relative to material strength and linear elasticity is a reasonable assumption for performing stress distribution analysis. The lFE analyses have shown that the different material phases at the a/d interface experience different stress amplitudes under functional load. 70, 71 As the mechanical properties of the hybrid layer, adhesive layer, and adhesive tags alter during function, stresses in the various components that comprise the a/d interface can redistribute. Under functional mechanical loads, those a/d interface components whose elastic modulus decreases at lower rates attract more stress.
Since different a/d interface components have different stress concentrations and may reach their failure strength at different stress-levels, the overall failure behavior is not necessarily determined by the weakest component. Instead, the component whose stress concentration is closest to its failure strength determines the failure. Therefore, under function, the overall time-dependent behavior of the interface is a complex function of the time-dependent behavior of individual material phases. We have utilized the lFE to calculate the stress distributions within the a/d interface at snap shots of time. The resultant stresses were analyzed to show the effect of stress concentrations on the mechanisms that govern the overall fatigue failure behavior of the a/d interface.
The stresses in the different phases of the a/d interface predicted by the lFE were used against S-N (stress-cycle) curves corresponding to each component of the a/d interface. 100 Stress concentrations in the adhesive tags were predicted to vary from~1.2 to 1.5 times the applied load depending upon the hybrid layer thickness and mechanical properties. The overall fatigue life of the a/d interface is governed by the fatigue life of the component with the shortest fatigue life at the local level. In addition, the endurance limit for the a/d interface is determined by the phase with the lowest endurance limit, while the strength is determined by the phase failing first under a statically applied load. We have utilized this principle, to predict SN curves for the a/d interfaces with a variety of hybrid layer thicknesses and mechanical properties. Figure 4 gives the predicted S-N curves for two cases: (1) with a well-infiltrated hybrid layer of uniform mechanical properties, and (2) with a poorly infiltrated hybrid layer of graded mechanical properties. The a/d interface thickness is 15 lm for both cases. As expected the interface with graded hybrid layer exhibits lower durability.
The fatigue life prediction (Fig. 4) is based upon an isolated computational unit cell having periodic boundary conditions. Under actual clinical function, the unit cell for the a/d interface would have both strain and stress boundary conditions. Hence, it is important to consider two extreme cases of loading which can give upper and lower bounds in terms of fatigue life for the a/d interface. Measured SN data 111 is also plotted to illustrate the predictive power of our methodology. The measured curve falls in the stress controlled region because the authors have performed the experiment on small rectangular beam samples which have a smaller number of unit cells as compared to the actual a/d interface. Fewer unit cells mean less constraint in the lateral direction. Hence, the unit cell in their study was likely experiencing stress boundary conditions with minimal constraint in the lateral direction, therefore the measured S-N curve falls in the region of stress controlled loading. 
DEVELOPMENT OF WATER-COMPATIBLE, ESTERASE-RESISTANT ADHESIVES
Water is ubiquitous in the mouths of healthy patients and thus, it is imperative that we develop restorative materials that can function adequately in the presence of water. Forty years ago researchers were discussing the detrimental effect of water on bonding dental materials to the tooth; to date, this problem has not been resolved. 57 One approach to the problem of bonding to wet dentin has been to increase the relative hydrophilicity of dentin adhesives with a goal of promoting increased wetting of the collagen. However, hydrophilic polymers absorb more water than more hydrophobic resins 118 ; the consequence of this increased water sorption is lowered mechanical properties 45 and increased degradation under wet conditions. 12, 78, 128 There are several strategies for reducing hydrolytic degradation of methacrylate adhesives. One strategy involves selectively modifying methacrylate side chains so that they are both water compatible and esterase resistant. [79] [80] [81] This can be accomplished by the use of bulky and/or branched functional groups that are poor esterase substrates but are sufficiently hydrophilic to be water compatible (e.g., by incorporating polar functional groups such as -OH). The published reports on the reduced esterase susceptibility of urethanemodified BisGMA 22 and of acrylates with branched or aromatic side chains 155 support this approach. Another strategy involves increasing matrix hydrophobicity following initial monomer penetration into the dentin layer. Secondary cross-linking of polar functional groups on methacrylate side chains could be employed to achieve this goal. Increasing the extent of conversion of methacrylate resins will reduce susceptibility to esterase hydrolysis by reducing the number of unreacted pendant groups. 56, 145 Clearly, any change in the chemical structure intended to increase esterase resistance and water compatibility will likely alter other chemical and physical properties of the adhesive.
Under clinical function, dentin adhesives are subjected to both chemical and mechanical stresses. The interplay between the two forms of stress is expected to result in an alteration of the properties of the adhesive with time. The mechanical property change results from a variety of mechanisms including proliferation of surface and subsurface flaws due to combined effects of mechanical loads and exposure to salivary esterases and change in the chemical nature of the polymer. Our previous work has shown that the mechanical properties of the adhesive not only affect the overall bond or shear strength but have a profound influence on the load transfer mechanisms at the a/d interface. 70, 71 Therefore, the change in the mechanical property of the adhesive with time can result in a gradual loss of mechanical integrity.
The optimal adhesive will be produced by balancing the desired physical, chemical, and mechanical properties with the need for esterase resistance and water compatibility. We are balancing these factors by using an iterative combinatorial optimization (molecular design)/synthesis approach in combination with a/d interfacial multi-scale characterization 49, 51, 52, 62, 104, 105, 107, 108, 110, 134, [137] [138] [139] 141 and modeling. 70, 71, 122 The combinatorial optimization allows the relative importance of each property to be varied, as an initial step in the process of predicting novel methacrylate structures for further evaluation. 19 The in situ detection of the interfacial molecular structure and micro-mechanics of the bond formed between dentin and the newly formulated adhesives are used in 2-d and 3-d finite element (FE) models to determine stress distribution and concentration at the interface under simulated loading. 50, 70, 71 Completing the FE modeling in parallel with our analytical analyses, has been critical to our development of a logical iterative process to streamline the number of adhesive formulations that must be fully analyzed. 70, 71 Results from the FE modeling are also used to further refine the computational molecular design. The interplay of the multiscale characterization with the modeling allows us to proceed in a logical and responsive fashion toward the development of a durable water-compatible, esteraseresistant dentin adhesive.
ADDRESSING THE WEAK LINK IN COMPOSITE RESTORATIONS
In summary, the a/d bond can be the first defense against substances that may penetrate and ultimately undermine the composite restoration in vivo. However, as indicated in a recent review of dental composite, the properties of the materials are one part of a complex problem. 13 The success of clinical restorations depends on a variety of factors including proper technique, appropriate materials, and proper patient selection. 13 In vitro and in vivo studies have suggested that several factors inhibit the formation of a durable a/d bond. These factors include: (1) water sorption and hydrolysis of the adhesive resin; (2) inadequate monomer/polymer conversion of the infiltrating adhesive; (3) incomplete resin infiltration; and (4) incomplete solvent evaporation. 6, 20, 141, 148 As described above, one strategy for reducing hydrolytic degradation involves selectively modifying methacrylate side chains so that they are both water compatible and esterase resistant. [79] [80] [81] Inadequate monomer/ polymer conversion may be addressed by including photoinitiators that are compatible with the hydrophilic components. 145 Several strategies should be considered for reducing incomplete resin infiltration and inadequate solvent evaporation. These strategies include reduced demineralization depth, rubber dam isolation to limit the impact of water or saliva contamination, careful attention to handling, management, and storage of the adhesive to prevent solvent evaporation.
The failure of the a/d bond in concert with reports of increased levels of cariogenic bacteria at the perimeter of composite materials points to an interesting relationship between microbiology and adhesive degradation as key elements in the premature failure of moderate-to-large composite restorations. Adhesion of S. mutans to surfaces in the mouth creates an environment that supports the subsequent attachment and growth of other bacterial species, ultimately forming a micro-ecosystem known as a biofilm. Dental plaque biofilm cannot be eliminated. 123 It may, however, be possible to reduce the pathogenic impact of the biofilm at the margin of the composite restoration by engineering novel, durable anti-cariogenic dentin adhesives.
